1. Introduction {#sec1-nanomaterials-09-01374}
===============

The International Thermonuclear Experimental Reactor (ITER) project is the most important ongoing venture aimed at demonstrating the feasibility of exploiting thermonuclear fusion as an unlimited carbon-free source of energy. One of the main components of the tokamak reactor, the divertor, will be made of tungsten (W). Due to its physical properties, such as robustness and the elevated melting point, W has been selected as the main suitable plasma facing material in tokamaks and future nuclear fusion reactors \[[@B1-nanomaterials-09-01374]\]. Nevertheless, the plasma-wall interaction processes will erode the divertor, leading to the detachment of small tritiated W particles ranging from tens of nanometers to tens of micrometers. To prevent any potential contamination into the environment and/or exposure to workers supervising the tokamak cleaning operations, high efficiency particulate air (HEPA) filters will be used. Nonetheless, those filters have a low retention capability for particles in the 100--500 nm range \[[@B2-nanomaterials-09-01374]\]. In case of a breakdown of the first protection barrier (loss-of-vacuum-accident, LOVA), particles could be accidentally inhaled and this might be harmful for the exposed populations. The consequences, if such activated particles are released into the environment, are unidentified as W-NPs hazard remains largely unknown. It is thus important to assess the impact of W-NPs on lungs in case of accidental inhalation before studying tritiated W-NPs toxicity.

So far, the toxicity of particles containing W was mainly studied in the form of tungsten carbide cobalt alloy (WC-Co) that, due to its hardness, is used in the production of cutting tools and wear-resistant surfaces. Exposure to WC-Co is associated with increased risk of lung cancer \[[@B3-nanomaterials-09-01374]\] and the material is classified as probably carcinogenic to humans (group 2A) by the International Agency for Research on Cancer \[[@B4-nanomaterials-09-01374]\]. The mechanisms governing its genotoxicity can be diverse: Clastogenic and aneuploidogenic events, as well as the generation of reactive oxygen species (ROS) by the particles themselves or via a Fenton-like reaction \[[@B5-nanomaterials-09-01374]\], the harmfulness of WC-Co being related to the presence of cobalt ions release that enhance ROS production \[[@B6-nanomaterials-09-01374]\].

Other potential toxic W forms have been studied. For example, the soluble sodium tungstate has been shown to be non-toxic to hepatocytic cell lines since ATP levels remained generally unchanged following exposure up to 300 μg/mL \[[@B7-nanomaterials-09-01374]\]. Nevertheless, it was shown to increase apoptosis in human peripheral blood lymphocytes \[[@B8-nanomaterials-09-01374]\]. Large particles (27 μm) of metallic tungsten displayed poor to no toxicity on a rat liver cell line \[[@B9-nanomaterials-09-01374]\]. In contrast, small metallic W particles (2.9 μm and 4.3 µm) induced, in a mouse macrophage cell line, a ROS production greater than particles larger than 10 μm \[[@B10-nanomaterials-09-01374]\]. The more severe toxic potential of nanosized particles compared to micrometric ones \[[@B11-nanomaterials-09-01374],[@B12-nanomaterials-09-01374]\] was further confirmed using WC-Co \[[@B13-nanomaterials-09-01374]\] and W particles \[[@B14-nanomaterials-09-01374]\]. In a human-derived bronchial cell line the cytotoxicity of nanosized WC-Co was high compared to that of microparticulated ones and it was strictly related to the internalization rate and pathway \[[@B13-nanomaterials-09-01374]\]. Moreover, in immortalized human-derived alveolar cells, cytotoxicity was observed following exposure to nanometric but not to microsized W metal particles \[[@B14-nanomaterials-09-01374]\].

From a human pathophysiological perspective, after entering into the body through ingestion or inhalation, W might translocate into the blood and then circulate throughout the whole body. Typically, W (as WO~4~^2−^) is rapidly excreted, but some remains in kidney, liver, spleen and bone \[[@B15-nanomaterials-09-01374]\]. The Occupational Safety and Health Administration (OSHA) has established exposure limits up to 5 mg/m^3^ for the insoluble W compounds and 1 mg/m^3^ for the soluble ones used in construction and shipyard industries. Although these data suggest that W metal and its chemical derivatives exhibit low toxicity but a significant oxidative stress on human cells, as recently reviewed \[[@B16-nanomaterials-09-01374]\] little information regarding the effect of W-NPs is currently available.

In the frame of refining, reducing and replacing animal experimentation, alternative in vitro methods have been developed during the last years. There is a clear need to circumvent the time-consuming, cost-expensive and ethically questionable in vivo studies. Currently, most of the in vitro studies are carried out on cell lines and under submerged experimental conditions. However, these exposure conditions seem to have little physiological relevance, especially when related to the lung compartment, which is rather exposed to air-dispersed particles \[[@B17-nanomaterials-09-01374]\]. Furthermore, in vitro 2D cultures generally fail to reconstitute the in vivo microenvironment, and it is also known that cancer cell lines show a too high metabolic activity \[[@B18-nanomaterials-09-01374]\]. On the other hand, human-derived organotypic 3D airway models offer much more reliability: They are fully differentiated respiratory epithelia, they represent functional models displaying metabolic activity, mucus production and cilia beating, they allow air--liquid exposure that more closely resembles the in vivo conditions \[[@B19-nanomaterials-09-01374],[@B20-nanomaterials-09-01374]\].

In this study, we have thus chosen to use the MucilAir™ tissue model characterized by morphology and functions comparable to those of a human epithelium. Obtained from biopsies, MucilAir™ has a lifespan of one year, making it suitable for long-term in vitro studies. It also mimics accidental exposure to a hazard and allows kinetics to be monitored for several weeks to determine short- and long-term toxic effects and their reversibility. Furthermore, the use of such a model represents a valuable in vitro tool to obtain preliminary results on pulmonary absorption of both dissolved and particulate W, avoiding the use of animal experimentation.

Until now, there are no data on human accidental exposure to ITER particles since the reactor is still under construction. Nevertheless, there is a strong need of such preventive information. Therefore, the aim of this study was the in vitro evaluation of the toxicity and the lung absorption of non-tritiated ITER-like milled W-NPs. Since the ITER tokamak is not yet operating, the W-NPs used in this study have been bench synthesized and characterized \[[@B21-nanomaterials-09-01374],[@B22-nanomaterials-09-01374]\]. We have investigated the behavior and the toxic potential of ITER-like W-NPs produced by planetary milling and we have compared them to particulate tungsten carbide alloy doped with cobalt (WC-Co) and to tungstate (WO~4~^2−^) a non-particulate form to compare the speciation of W-NPs in lung. To simulate accidental occupational exposure, MucilAir™ tissues were exposed for 24 h. Various toxicity parameters were monitored up to 28 days post-exposure: Trans-epithelial electrical resistance, cellular metabolism and a pro-inflammatory response. Together, these parameters should be useful to investigate the mechanisms currently thought playing a role in the interaction between particles and lung, such as the role of pulmonary mucus or the rate of particles transepithelial translocation.

2. Materials and Methods {#sec2-nanomaterials-09-01374}
========================

2.1. Reagents {#sec2dot1-nanomaterials-09-01374}
-------------

Soluble tungsten (W; ref 356697) was purchased from Sigma Aldrich (St. Quentin Fallavier, France). Nanostructured WC/6Co powder (WC-Co; ref 74N-062706; purity 99.9%, agglomerates of nanosized particles 40--80 nm) was purchased from Inframat Advanced Materials (Manchester, CT, USA).

2.2. Milled Tungsten Nanoparticles (W-NPs) {#sec2dot2-nanomaterials-09-01374}
------------------------------------------

ITER-like W-NPs have been produced by high energy planetary ball milling with tungsten carbide balls and a jar, a ball-to-powder ratio (BPR) of 40:1 and at a velocity of 350 RPM for a duration of 14 h in ethanol, as previously described \[[@B21-nanomaterials-09-01374]\]. Commercial W, showing 99.9% of purity and particle size 3--12 µm, was used as raw powder material (Alfa Aesar, Karlsruhe, Germany). Milled W-NPs and WC-Co solutions were prepared as described elsewhere \[[@B22-nanomaterials-09-01374]\]. Briefly, particles were suspended in Tris buffer (5 mM, pH 8.5) and sonicated using an ultrasound tip (Sonicator vibracell 72434, Amplitude 40%, 15 min). Large particles were removed by filtration through a 0.45 µm syringe filter; the solutions were then centrifuged and the supernatant containing very small NPs was discarded. The pellet was resuspended in Tris buffer, sonicated again and stored at −20 °C. The amount of W was assessed by inductively coupled plasma mass spectrometry (ICP-MS). The protocol enabled us to produce milled W-NPs suspension with a monodisperse size distribution \[[@B22-nanomaterials-09-01374]\]. A detailed characterization of powders and suspensions has been previously described \[[@B21-nanomaterials-09-01374],[@B22-nanomaterials-09-01374],[@B23-nanomaterials-09-01374]\].

W-NPs suspensions in Tris buffer diluted at 10 µg/cm^2^ were characterized by transmission and scanning electron microscopy (TEM and SEM, respectively) and by dynamic light scattering (Zetasizer nano ZS, Malvern Instruments, Orsay, France), as previously described \[[@B24-nanomaterials-09-01374]\].

2.3. Cell Culture and Cellular Morphology {#sec2dot3-nanomaterials-09-01374}
-----------------------------------------

The fully differentiated primary human epithelial MucilAir™ model was purchased from Epithelix Sarl (Geneva, Switzerland). The MucilAir™ cultures used in this study originated from primary human cells isolated from the human nasal cavity of a pool of human non-smokers donors without respiratory pathologies. Signed informed consent and ethical approval were obtained by the supplier. All batches of MucilAir™ were tested negative by the supplier for mycoplasma, human immunodeficiency virus 1 (HIV-1), human immunodeficiency virus 2 (HIV-2) as well as hepatitis B and C.

MucilAir™ models are characterized by a pseudostratified columnar epithelium presenting beating cilia and mucus production. The MucilAir™ model mimics the upper respiratory tract structure of the human lung, including basal, goblet and ciliated cells. Cell culturing was done according to the supplier's instructions. Concisely, cells were kept at the air--liquid interface (ALI) in 24-well Transwell inserts of 6.5 mm diameter and 0.4 μm pore size (Corning, St. Quentin Fallavier, France). The epithelium was cultivated with MucilAir™ serum-free culture medium (Epithelix Sarl; Geneva, Switzerland) on the basal side. Cells were maintained at 37 °C and 5% CO~2~ for a period up to five weeks (one week before the exposure to W, up to four weeks after exposure; see [Figure 1](#nanomaterials-09-01374-f001){ref-type="fig"}). The basolateral cell culture medium was changed twice a week, while the apical side was washed once a week with a sterile saline solution (NaCl 0.9%, CaCl~2~ 1.25 mM and Hepes 10 mM). By renewing the basolateral medium we were able to preserve the tissue homeostasis, while by washing the apical compartment we removed mucus, surface dead cells and non-internalized ITER-like milled W-NPs or WC-Co. Cellular morphology was assessed using optical microscopy twice a week.

2.4. Exposure Protocol {#sec2dot4-nanomaterials-09-01374}
----------------------

One week after delivery, the MucilAir™ tissues were exposed to 10, 20 and 50 µg/cm^2^ (respectively 110, 220 and 550 µg/mL) of milled W-NPs for 24 h ([Figure 1](#nanomaterials-09-01374-f001){ref-type="fig"}). W-NPs stock solutions were diluted in saline solution and 30 µL of the particles suspension were applied on the apical compartment. Basolateral medium was collected and replaced the first time at the end of the 24 h exposure period, then twice a week during four weeks (28 days post treatment). At the end of the 24 h treatment period the apical side was washed and the mucus collected, then the procedure was repeated twice a week for four weeks after exposure, as described in [Figure 1](#nanomaterials-09-01374-f001){ref-type="fig"}. WC-Co was used as a toxicity control, and WO~4~^2−^ as a positive control for studying W transfer through the epithelium. These controls were applied in the same manner, at the fixed concentration of 10 µg/cm^2^ (110 µg/mL). Negative controls were also performed by exposing cells to saline solution only.

2.5. Transmission Electron Microscopy (TEM) on MucilAir™ {#sec2dot5-nanomaterials-09-01374}
--------------------------------------------------------

The cells were washed three times in 0.1 M cacodylate buffer, fixed in 2.5% (*v*/*v*) glutaraldehyde diluted in 0.1 M cacodylate buffer (pH 7.4) and post-fixed in 2% (*v*/*v*) osmium tetroxide. The cells were then dehydrated in a gradient of alcohol solutions and embedded in EMbed 812 kit (Electron Microscopy Sciences; Hatfield, PA, USA). Ultrathin sections (60--70 nm) were not counterstained to optimize their observation with a JEOL JEM1400 electron microscope (JEOL; Tokyo, Japan) at 80 kV. Images were obtained with a Megaview III camera and iTEM Five software (Soft Imaging System; Münster, Germany).

2.6. Epithelial Integrity (TEER Measurement) {#sec2dot6-nanomaterials-09-01374}
--------------------------------------------

After W exposure, and twice a week up to 28 days, the tightness of the monolayer was determined by transepithelial electric resistance (TEER) measurement using a STX2 electrode (World Precision Instruments; Hertfordshire, United Kingdom) and the electronic circuit of the EVOM Epithelial Voltohmmeter (World Precision Instruments; Hertfordshire, United Kingdom). 200 µL of saline solution (0.9% NaCl, 1.25 mM CaCl~2~ and 10 mM Hepes) were added onto the apical surface and removed immediately after measurement. To calculate the actual TEER value of each sample, the mean resistance of a cell-free Transwell filter was subtracted from the resistance measured across each MucilAir™ epithelium.

2.7. Cell Viability {#sec2dot7-nanomaterials-09-01374}
-------------------

At the end of the exposure (24 h) and at the end of the culture period (28 days), cells were trypsinized and collected before being pelleted by centrifugation. After discarding the supernatant, cells were resuspended in fresh medium. Cell viability was assessed by Trypan Blue counter staining using the Cedex automated cell counting system (Roche; Basel, Switzerland). Measurements of viable and dead cells were done on two different samples, ten times each sample, to determine the percentage and the number of viable cells.

2.8. Metabolic Activity {#sec2dot8-nanomaterials-09-01374}
-----------------------

To measure the cellular metabolism we performed the resazurin assay (Sigma-Aldrich; Saint-Quentin Fallavier, France). This test is based on the measurement of the activity of mitochondrial reductase that catalyzes the reduction of the non-fluorescent substrate resazurin into the fluorescent resorufin by mitochondrial reductases.

The MucilAir™ inserts were transferred in a new 24 wells plate containing 6 µM resazurin in saline solution. Resazurin solution (200 µL) was also applied on the apical surface and the plate was incubated for 1 h at 37 °C and 5% CO~2~. Then, 100 µL of the apical solution were transferred in a 96 wells plate and the fluorescence of the transformed product was measured (excitation filter = 544 nm and emission filter = 590 nm). The MucilAir™ inserts were then re-transferred in a new 24 wells plate containing fresh MucilAir™ culture medium (700 µL per well). The remaining apical solution was removed without unsettling the epithelium and the inserts were put back into the incubator. The measurements were performed in duplicate on three to five inserts.

2.9. Interleukin-8 Assay {#sec2dot9-nanomaterials-09-01374}
------------------------

To estimate the pro-inflammatory response induced by exposure to W, we quantified the levels of interleukin-8 (IL-8). Briefly, basolateral media were removed and centrifuged at 10,000× *g* (10 min at 4 °C) to eliminate cellular debris and NPs, then stored at −20 °C. IL-8 was quantified using an ELISA kit (DY208, R & D Systems; Minneapolis, MN, USA). The optical density was measured at 450 nm with a microplate photometer Elx800 (Biotek; Colmar, France). The measurements were performed in duplicate on three to five inserts.

2.10. Tungsten Extracellular and Intracellular Quantification {#sec2dot10-nanomaterials-09-01374}
-------------------------------------------------------------

To estimate the cellular uptake of W and the transfer through the lung epithelium after treatment, apical and basolateral media were removed and stored at −20 °C. Cells were also trypsinized and collected. Tungsten was recovered by dissolution using 80 volumes of 30% H~2~O~2~ and four volumes of NH~4~OH within 12 h at room temperature. Quantification was performed by inductively coupled plasma mass spectrometry (ICP-MS; 7700, Agilent Technologies; Santa Clara, CA, USA) at m/z = 182, 184 and 186 after dilution in ultrapure water. The standard curve (0.1 to 10 ng/g of W) was prepared from the plasmaCAL standard (ref 140-050-741 SCPscience; Courtaboeuf, France). The detection limits given by the MassHunter software were 0.007 ng/g on ^182^W, 0.001 ng/g on ^184^W and 0.002 ng/g on ^186^W, and calculated at 0.02 ng/g. Each sample was measured in triplicate and a blank was done after each sample. The measurements were performed on three to six samples for apical and basolateral media and on two cellular samples.

2.11. Statistical Analysis {#sec2dot11-nanomaterials-09-01374}
--------------------------

Results are expressed as the mean ± SEM or mean ± SD. Depending on the time points the number of samples analyzed (*n*) was variable because some inserts were progressively used to perform ICP-MS or TEM analysis. For the statistical evaluation, a one-way ANOVA followed by Dunnett's multiple comparisons test were performed using GraphPad Prism version 8 (GraphPad Software; La Jolla, CA, USA).

3. Results {#sec3-nanomaterials-09-01374}
==========

3.1. W-NPs Characterization {#sec3dot1-nanomaterials-09-01374}
---------------------------

A detailed description of the physicochemical properties of ITER-like milled W-NPs has been previously published \[[@B21-nanomaterials-09-01374],[@B22-nanomaterials-09-01374]\]. Scanning electron microscopy (SEM; [Figure 2](#nanomaterials-09-01374-f002){ref-type="fig"}A) and transmission electron microscopy (TEM; [Figure 2](#nanomaterials-09-01374-f002){ref-type="fig"}B) micrographs showed that milled W-NPs exhibited a polyhedral structure with a size range of 50--100 nm. W-NPs size distribution ([Figure 2](#nanomaterials-09-01374-f002){ref-type="fig"}C) was further determined by dynamic light scattering (DLS) after thawing of the particle stock solutions \[[@B22-nanomaterials-09-01374]\]. The main intensity peak (98.5% intensity) corresponded to a mean hydrodynamic size diameter of 202 ± 68 nm, and the polydispersity index was 0.31 ± 0.02 (*n* = 3).

3.2. MucilAir™: Tissue Characterization and Morphological Modifications Upon Exposure to W {#sec3dot2-nanomaterials-09-01374}
------------------------------------------------------------------------------------------

Upon receipt, MucilAir™ was maintained in culture for at least one week before performing the experiments. The morphology of the tissues was evaluated using electron microscopy ([Figure 3](#nanomaterials-09-01374-f003){ref-type="fig"}). An indicator of the integrity of the epithelium is the typical ultra-structure of the human airway epithelium, such as the presence of tight junctions, as well as of ciliated, basal and mucus cells, as observed in our samples ([Figure 3](#nanomaterials-09-01374-f003){ref-type="fig"}A--C). At the end of the exposure period, aggregated W-NPs tended to accumulate onto the borders of the insert ([Figure 3](#nanomaterials-09-01374-f003){ref-type="fig"}D). Twenty-eight days after exposure to W-NPs the confluency of the tissue and the tight junctions were preserved ([Figure 3](#nanomaterials-09-01374-f003){ref-type="fig"}E,F).

3.3. Cell Viability and Metabolic Activity {#sec3dot3-nanomaterials-09-01374}
------------------------------------------

Cells from MucilAir™ were collected by trypsinization at day 1 and day 28 after exposure to milled W-NPs, WC-Co and WO~4~^2−^. Viable cells were determined by the trypan blue method using an automated cell counter. Compared to the negative control (C neg), as shown in [Table 1](#nanomaterials-09-01374-t001){ref-type="table"}, cell viability after exposure to 10, 20 and 50 µg/cm^2^ of W-NPs and to 10 µg/cm^2^ of WO~4~^2−^ and WC-Co was not significantly modified.

We also evaluated the physiological status of MucilAir™ by analyzing their metabolic activity by a resazurin test ([Table 2](#nanomaterials-09-01374-t002){ref-type="table"}). The evaluation was performed before (day 0) treating MucilAir™, after 24 h (day 1) and at day 7, 14, 21 and 28 post exposure to milled W-NPs, WO~4~^2−^ and WC-Co. Compared to C neg, ITER-like milled W-NPs did not significantly impair the metabolic activity of MucilAir™, with the exception of a slight significant raise (*p* \< 0.05) at day 14 after incubation with 20 µg/cm^2^ ITER-like milled W-NPs. By contrast, WC-Co exerted a statistically significant (*p* \< 0.001) reduction in cell viability at day 1 and day 7, which was fully restored from day 14 onwards. No modification was observed in MucilAir™ exposed to WO4^2−^.

3.4. IL-8 Release {#sec3dot4-nanomaterials-09-01374}
-----------------

The pro-inflammatory cytokine IL-8 was quantified in the basolateral medium upon MucilAir™ exposure and data are presented in [Table 3](#nanomaterials-09-01374-t003){ref-type="table"}. IL-8 secretion was enhanced by milled W-NPs from day 1 to day 28, mainly at day 4, independently of the tested concentration (10, 20 and 50 µg/cm^2^). In some cases the IL-8 levels were statistically significant (*p* \< 0.05 and *p* \< 0.01) compared to C neg.

WC-Co enhanced a statistically significant IL-8 production at day 1 and day 4 (*p* \< 0.001), while it decreased from day 7 to 14, to finally regain at day 21 and 28 post incubation. In comparison with W-NPs, IL-8 secretion was found 1.5 times higher at day 4. WO~4~^2−^ induced IL-8 secretion but was statistically significant (*p* \< 0.01) only at day 4.

3.5. Epithelial Integrity: TEER Measurements {#sec3dot5-nanomaterials-09-01374}
--------------------------------------------

In order to verify that MucilAir™ was ready to be exposed to ITER-like milled W-NPs (10, 20 and 50 µg/cm^2^) and to WC-Co (10 µg/cm^2^) and WO~4~^2−^ (10 µg/cm^2^), TEER was checked before starting the experiments. The measured values were always above 330 ohms/cm^2^.

As shown in [Figure 4](#nanomaterials-09-01374-f004){ref-type="fig"}A, 10 µg/cm^2^ W-NPs did not cause any TEER change until day 17 post-exposure, whereas at day 21 and day 28 the damage was significant (*p* \< 0.01) and corresponded to a 52% and 62% TEER decrease, respectively. The exposure to 20 µg/cm^2^ W-NPs had no effects until day 10 and from day 14 onwards TEER reduction was statistically significant: 17% (*p* \< 0.05) and 24% (*p* \< 0.05) at day 14 and 17, and 73% (*p* \< 0.001) and 55% at day 21 and 28, respectively. Finally, 50 µg/cm^2^ W-NPs were affecting the MucilAir™ integrity at day 21 and 28 (26% and 55% TEER reduction, respectively).

Neither WC-Co nor WO~4~^2−^ induced statistically significant TEER impairment in MucilAir™ ([Figure 4](#nanomaterials-09-01374-f004){ref-type="fig"}B), although WC-Co exerted a 30% and 27% TEER reduction at day 1 (*p* \< 0.05) and day 4, respectively, and WO~4~^2−^ caused a 15% TEER decrease at day 1 post-exposure.

3.6. Transepithelial Passage of W and Its Intracellular Accumulation {#sec3dot6-nanomaterials-09-01374}
--------------------------------------------------------------------

In order to evaluate the absorption of W by the epithelial pulmonary MucilAir™ tissue, the extracellular and the intracellular amount of W were quantified from day 1 to day 28 post exposure using inductively coupled mass spectrometry (ICP-MS).

The extracellular quantification (mean % W ± SD) was performed on mineralized apical and basolateral cell culture media ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}A--C). At the end of exposure to 10, 20 and 50 µg/cm^2^ of milled W-NPs ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}A), a significant fraction of W, ranging from 64% to 68%, was present in the apical medium while a smaller amount (16%--18%) was able to translocate in the basolateral compartment.

From day 7 to day 28 post exposure to milled W-NPs ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}A) the quantity of W still present in the apical compartment severely and rapidly decreased compared to day 1, ranging from 0.2% ± 0.1% at day 7 to 0.01% ± 0.01% at day 28 (*p* \< 0.001). A similar behavior was observed in the basolateral samples: 2.7% ± 0.5% was the W amount quantified at day 7, whereas at day 28 the amount of W corresponded to 0.02% ± 0.01% (*p* \< 0.001).

The extracellular quantification of WC-Co ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}B) and WO~4~^2−^ ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}C) showed a different behavior in comparison to W-NPs. The main content of WC-Co at day 1 was found at the apical side 94.1% ± 33.2% while it decreased between 1.2% ± 0.7% and 0.1% ± 0.04% at the next time points ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}B). The basolateral content was very low compared to the apical one (2.1% ± 0.2% at day 1) while a significant decrease (*p* \< 0.001) was observed during days 7--28 (0.1% ± 0.1% to 0.01% ± 0.01%). After exposure to the soluble WO~4~^2−^, W was more present in the basolateral (129.7% ± 8.3%) than in the apical compartment (3.1% ± 1.0%) at day 1 ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}C). From day 7 onwards the detectable W ranged from 0.09% ± 0.03% to 0.03% ± 0.01% in the apical medium and from 0.3% ± 0.1% to 0.03% ± 0.03% in the basolateral one ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}C).

Lastly, to quantify the intracellular level of W upon MucilAir™ exposure to W-NPs ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}D) and WC-Co ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}E), ICP-MS was performed on mineralized cells that were previously trypsinized. A dose-related effect was observed at day 1 in cells exposed to W-NPs ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}D), when the amount of W internalized by MucilAir™ corresponded to 0.9% ± 0.3%, 1.5% ± 0.1% and 2.3% ± 0.1% upon exposure to, respectively, 10, 20 and 50 µg/cm^2^ W-NPs. On the other hand, at day 28 post exposure a significantly (*p* \< 0.01) reduced uptake of W took place, whose values were comprised between 0.2% ± 0.03% and 0.2% ± 0.09%. WC-Co intracellular quantification ([Figure 5](#nanomaterials-09-01374-f005){ref-type="fig"}E) showed an opposite behavior: The amount of W was higher at day 28 (2.2% ± 0.3%) than at day 1 (0.9% ± 0.2%).

4. Discussion {#sec4-nanomaterials-09-01374}
=============

During operation of fusion power plants like ITER the divertor is supposed to interact with the plasma generating thus tritiated tungsten dusts that, in case of LOVA, can be released into the environment. The protection of the enclosures is ensured by HEPA filters which have a low efficiency for particles with an aerodynamic diameter of 100--500 nm. For tungsten, due to its high density, this corresponds to particles with a geometric diameter of 20--100 nm. Therefore, in the event of a containment accident, humans could be exposed by inhalation to W-NPs. Since at present there is no conclusive information on the toxic effects potentially exerted by W-NPs, the aim of our study was to evaluate the toxicity of non-tritiated ITER-like W-NPs by applying them to the MucilAir™.

We have thus chosen to perform a single 24 h exposure of MucilAir™ to increasing concentrations of ITER-like milled W-NPs, mimicking thus an accidental exposure that could occur in case of LOVA. To evaluate the reversibility or the accumulation of the effects, several parameters were investigated during the 28 days post-exposure to milled W-NPs, WC-Co and WO~4~^2−^. Our study of the toxic potential of ITER-like milled W-NPs showed that, for concentrations up to 50 µg/cm^2^, neither the viability nor the metabolic activity of MucilAir™ were altered. The pro-inflammatory chemokine, interleukin 8 was chosen since it represents an early indicator of the pro-inflammatory cascade and has been shown to be up-regulated in response to a number of NPs \[[@B25-nanomaterials-09-01374]\]. For all tested concentrations, milled W-NPs transiently enhanced the release of the pro-inflammatory cytokine IL-8 in the basolateral compartment of MucilAir™. Barrier integrity was impaired with no dose-related effects at late time points (day 14 onwards). ICP-MS showed that at the end of exposure (day 1) W was massively present in the apical media and was taken up by MucilAir™ cells in a dose-related manner, while from day 7 to 28 its extracellular and intracellular levels were significantly reduced.

The current literature reports few studies on nanosized W particles and, to our knowledge, only one has been performed on metal W nanoparticles, in particular on the effects of micrometric and nanometric debris derived from projectiles made of heavy W alloys, and compared them to commercially manufactured metal W-NPs \[[@B14-nanomaterials-09-01374]\]. The physico-chemical characterization showed that the tested samples contained metallic W of about 50 nm diameter, which is comparable to our bench prepared ITER-like milled W-NPs. The cytotoxicity was investigated in human-derived A549 lung epithelial cells by colorimetric assay upon 48 h exposure. Results showed that while the micrometric form of W is not toxic on A549 cells at any of the tested concentrations (2.5, 5 and 10 µg/mL), the nanosized elemental W exerted a 3.5--4.5 fold-increased cytotoxicity \[[@B14-nanomaterials-09-01374]\].

Under our experimental conditions we have observed no decreased viability nor altered metabolic activity upon exposure to milled W-NPs, whereas we have observed a slight impairment of the barrier integrity. These results seem even more significant considering that, compared to Machado and co-authors \[[@B14-nanomaterials-09-01374]\], we have applied significant higher ITER-like W-NPs mass: 10, 20 and 50 µg/cm^2^ correspond, respectively, to 110, 220 and 550 µg/mL of milled W-NPs in MucilAir™. This different response to metallic W could be due to the significant difference between an ex vivo multicellular 3D model, such as MucilAir™, and an immortalized cell line, such as A549. Our hypothesis is that the mucous layer present on the surface of MucilAir™ has lowered the interaction between milled W-NPs and lung cells, protecting thus the cells from severe damage. Even if also A549 cells produce surfactant, their exposure to nanoparticles was done in culture medium and not on air--liquid as for MucilAir™. This might result in a less effective mucous protection in A549 cells whose cellular viability was, consequently, impaired. This assumption has already been made in another study on the MucilAir^TM^ model \[[@B26-nanomaterials-09-01374]\].

Whereas currently in the literature almost no reference is available on W nanoparticles, some studies have been conducted on the toxicity of various forms of tungsten such as sodium tungstate (Na~2~WO~4~) and tungsten oxide (WO~3~). Na~2~WO~4~ was reported to increase the frequency of apoptotic human derived peripheral blood lymphocytes (PBL) and to alter their cell cycle regulation at doses comprised between 0.1 and 10 mM and exposure times ranging from 24 to 72 h \[[@B8-nanomaterials-09-01374]\]. Additionally, Na~2~WO~4~ was shown to enhance the carcinogenic properties of human-derived bronchial epithelial BEAS-2B cells: By deregulating genes involved in lung cancer and leukemia control, clones of BEAS-2B exposed to Na~2~WO~4~ were able to increase tumor development in nude mice \[[@B27-nanomaterials-09-01374]\]. Tungsten oxide particles (WO~3~ NP), with an average diameter of 223.9 ± 5.3 nm in complete culture medium were reported to decrease viability and increase membrane damage in a concentration (up to 300 µg/mL) and time (24--48 h) related manner in A549. Moreover, time- and dose-dependent increased intracellular and extracellular oxidative stress markers were measured \[[@B28-nanomaterials-09-01374]\]. In contrast, no toxicity was observed on the MucilAir™ model exposed 24 h to WO~3~ nanoparticles. Upon exposure to doses corresponding to a high level of exposure in vivo, neither viability (lactic dehydrogenase assay), nor the release of pro-inflammatory cytokines (IL-6, IL-8 and MCP1) were affected \[[@B26-nanomaterials-09-01374]\].

In the current literature extensive information is reported on tungsten carbide (WC) and the micrometric tungsten carbide cobalt (WC-Co) alloys. For instance, the metabolic activity and the membrane integrity of immortalized human derived alveolar A549 cells were not altered by WC, while a slight decrease in membrane integrity was observed upon WC-Co exposure (0--33 µg/mL, 72 h) \[[@B29-nanomaterials-09-01374]\]. Moreover, WC-Co exerted a more severe and significant decrease in A549 metabolic activity and membrane integrity compared to the soluble CoCl~2~ and to WC supplemented with CoCl~2~, underlining and confirming thus the importance of the particulate form for the induction of toxicity \[[@B29-nanomaterials-09-01374]\]. The mechanisms of WC-Co toxicity have been attributed to its capability of producing ROS that are known to induce cell damage \[[@B30-nanomaterials-09-01374]\] and inhibit DNA repair mechanisms \[[@B31-nanomaterials-09-01374]\]. The origin of these oxidative species has been attributed either to an intrinsic generation of ROS operated by the particles themselves and to the transfer of electrons from Co to WC, either to a Fenton-like reaction catalyzed by Co-ions released from WC-Co particles \[[@B5-nanomaterials-09-01374]\]. In both cases, ROS generation rapidly occurs and is related to WC-Co internalization. This was demonstrated by comparing the cytogenotoxic effects of WC-Co in three epithelial cell lines, namely human-derived lung A549, renal Caki-1 and hepatic Hep3B cells: ROS WC-Co-dependent production enhanced cellular mortality, DNA damage and cell cycle arrest in Caki-1 and Hep3B cells, while no effects were observed in A549 cells, which not only showed a lower particles uptake but also an ability to release them \[[@B32-nanomaterials-09-01374]\].

Using the trypan blue assay, under our experimental conditions, WC-Co did not induce cytotoxic effects; on the contrary, resazurin assay showed that WC-Co slightly affected the metabolism of MucilAir™. IL-8 release occurred in basolateral compartment of MucilAir™ and it was statistically significant at specific time points (day 1, 4 and 14) compared to W-NPs. Moreover, 10 µg/cm^2^ of WC-Co damaged the MucilAir™ barrier integrity at much earlier time points (day 1 and 4) than W-NPs, whose effects were significant from day 14 onwards.

Our data suggested that the impairment of the metabolic activity is linked, through an adaptive phenomenon, to the epithelial integrity: When a mild alteration of the barrier integrity occurs, in the absence of cytotoxicity or of severe metabolic damage, ionic channels are activated \[[@B33-nanomaterials-09-01374]\] without breaking tight junctions or generating holes in the epithelium. Under our experimental conditions, 28 days after exposure to W-NPs, we observed under electron microscopy intact tight junctions whereas a decrease of TEER occurred. Therefore our hypothesis is that WC-Co and W-NPs induced ion channels activation as a defensive mechanism to eliminate ionic W released over the time into the MucilAir™. We are also suggesting that the level of transiently released pro-inflammatory IL-8 in basolateral compartment of MucilAir™, in the presence of WC-Co and of ITER-like milled W-NPs, was not sufficient to damage the barrier. Although IL-8 secretion was enhanced, it remained significantly lower compared to those measured by Huang and collaborators in MucilAir™ exposed to well-known respiratory irritants \[[@B34-nanomaterials-09-01374]\], indicating thus that the inflammatory potential of W is not severe.

We could explain the W-NPs and the WC-Co results taking into consideration the extracellular and intracellular accumulation of W. The high amount of W measured by ICP-MS in the apical compartment of MucilAir™, as well as its presence in the basolateral medium already at day 1 post exposure, allows us to hypothesize that a rapid transepithelial translocation of W occurred. We could further assume that a fraction of WC-Co remained trapped in the mucous layer and that a slow but continuous W release and internalization took place since at day 28 the intracellular amount of W, in WC-Co exposed MucilAir™, was higher compared to day 1. On the contrary, a dose-related intracellular accumulation of W in tissues exposed to milled W-NPs was detected at day 1 but not at day 28. The lower solubility of WC-Co compared to ITER-like W-NPs has contributed to this opposite behavior. Certainly our data will contribute to define the quantitative absorption or distribution of inhaled W in human lungs.

From the literature it is evident that lung cells are able to internalize metallic nanoparticles, sometimes even in a more efficient manner than their corresponding soluble metal form \[[@B24-nanomaterials-09-01374]\]. Since under our conditions W was taken up by MucilAir™, we tried to understand under which form is W absorbed through the lung epithelium. SEM and TEM studies did not show W-NPs internalization, while ICP-MS showed an intracellular uptake of W; these results suggest thus that a solubilization has occurred in the mucous layer, and are in contrast with a previous study that demonstrated the insolubility of W \[[@B16-nanomaterials-09-01374]\]. Hence, the physico-chemical behavior of the ITER-like milled W-NPs used in this study was investigated \[[@B22-nanomaterials-09-01374]\]. It was detected that in, the very same saline solution we applied to the apical compartment of MucilAir™, 20% of W was solubilized within 24 h and that in the culture medium used in the basolateral compartment the solubilization raised up to 40% \[[@B22-nanomaterials-09-01374]\]. These results clearly indicated that tungsten metal particles could solubilize in biological media at pH 7.5. Tungstate (WO~4~^2−^) is likely the most bioavailable form of tungsten and the main form absorbed through the lung epithelium after exposure to W-NPs. Furthermore, the rate of dissolution and transformation to tungstate will depend of the size of W-NPs, as well as of the pH and the composition of their surrounding environment \[[@B16-nanomaterials-09-01374],[@B35-nanomaterials-09-01374]\]. Our hypothesis is that milled W-NPs remained trapped into the mucous layer of MucilAir™ where they solubilized allowing thus W internalization, as detected by ICP-MS, and suggesting that the mucous layer might protect the cells from particles uptake and from severe cytotoxicity.

5. Conclusions {#sec5-nanomaterials-09-01374}
==============

We performed the first acute toxicity study of tungsten metal W-NPs on MucilAir™, a 3D in vitro model of the human airway epithelium, and we have shown that W-NPs had a limited impact in terms of toxic effects, cellular uptake and W transfer through the lung epithelium. MucilAir™ appeared as a valuable experimental tool to further study the toxicity of the tritiated tungsten nanoparticles. The latter ones will be generated during the operation of the ITER fusion reactor. The study of the transfer of tritium through the lung epithelium, as well as the toxicity exerted, may provide preliminary information to biokinetic studies aimed at defining biokinetic lung models for ITER-like tritiated W-NPs, to establish new safety rules and radiation protection approaches.

The authors would like to acknowledge Joël Courageot and Alexandre Altié (Plateforme C2VN de Microscopie Électronique Timone) and Magali Floriani (IRSN LECO Cadarache) for TEM analysis.

Conceptualization, I.G., V.M., C.G., J.R., N.H., T.O., D.V. and B.R.; validation, V.M., I.G.; formal analysis, I.G., C.U. and V.M.; investigation, I.G., M.S.S., E.B., S.D. and A.H.; writing---original draft preparation, C.U., V.M.; writing---review and editing, C.U., V.M., A.H., D.V., N.H., J.R., T.O., C.G.; supervision, V.M., C.G. and B.R.; project administration, V.M., C.G. and B.R.; funding acquisition, V.M., C.G. and B.R.

This work was funded by grants from the A\*MIDEX project (n° ANR-11-IDEX-0001-02) funded by the « Investissements d'Avenir » French Government program, managed by the French National Research Agency (ANR) and from the "Programme transverse de toxicologie du Commissariat à l'Energie Atomique et aux Energies Alternatives" through the TWEET project.

The authors declare no conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

![Experimental design. MucilAir™ was kept in culture for one week before exposure to tungsten nanoparticles (W-NPs), tungsten carbide cobalt particles alloy (WC-Co) and WO~4~^2−^. After treatment (24 h), uninternalized W was removed and cells were further cultured for 28 days. During this time several parameters were evaluated at regular intervals to monitor W toxicity, its internalization and intracellular localization, as well as its translocation from the apical to the basolateral compartment.](nanomaterials-09-01374-g001){#nanomaterials-09-01374-f001}

![Morphometric analysis and International Thermonuclear Experimental Reactor (ITER)-like milled W-NPs size determination. W-NPs solutions resulted polydispersed, as shown by SEM (**A**) and TEM (**B**). The dispersion of particles in Tris (pH 8.5) was analyzed by dynamic light scattering (DLS; **C**). The mean intensity ± standard deviation (SD) corresponded to 202 ± 68 nm, and polydispersity index = 0.307 ± 0.02 (*n* = 3).](nanomaterials-09-01374-g002){#nanomaterials-09-01374-f002}

![Optical microscopy and TEM observation of MucilAir™ before and after exposure to milled W-NPs. The morphology of MucilAir™ was observed before (**A**--**C**) and after (**D**--**F**) exposure to 50 µg/cm^2^ milled W-NPs. Tight junctions, ciliated cells and mucous cells, presenting several mucous vesicles, were observed (**A**,**B**; TEM). A cross sectional image (**C**; TEM) showed that MucilAir™ cilia have a typical ultrastructure with axonemes, dynein arms and central tubules. At the end of the exposure (**D**; optical microscopy), small aggregates/agglomerates of W-NPs were onto the borders of the insert. At day 28 post exposure (**E**,**F**; TEM), the confluency of the tissue is maintained, as well as tight junctions. Size bars: A = 1 µm; B = 2 µm; C = 500 nm; D = 20 µm; E = 5 µm; E = 5 µm, F = 500 nm.](nanomaterials-09-01374-g003){#nanomaterials-09-01374-f003}

![Effect of milled W exposure on transepithelial electric resistance (TEER): (**A**) W-NPs, (**B**) WC-Co and WO~4~^2−^. The measurements were performed at the end of the 24 h exposure (day 1), and then at day 4, 7, 10, 14, 17, 21 and 28 post exposure. The results are expressed as a percentage of TEER compared to C neg ± SEM of three to six individual inserts. Statistically significant differences from C neg were determined by a two-way ANOVA followed by Dunnett's multiple comparisons test: \* *p* \< 0.05, \*\* *p* \< 0.01 and \*\*\* *p* \< 0.001.](nanomaterials-09-01374-g004){#nanomaterials-09-01374-f004}

![Transepithelial passage of W and cellular accumulation: extracellular quantification of (**A**) W-NPs, (**B**) WC-Co, (**C**) WO~4~^2−^ and intracellular quantification of (**D**) W-NPs, (**E**) WC-Co. W content was assessed in both apical and basal media of MucilAir™, as well as in cells, using inductively coupled plasma mass spectrometry (ICP-MS) after mineralization of the samples. The results are expressed as W% in the exposure solution ± SD at the end of the 24 h treatment (day 1), and at day 7, 14, 21 and 28 post exposure. Statistically significant differences from C neg were determined by a one-way ANOVA followed by Dunnett's multiple comparisons test: \* *p* \< 0.05 and \*\*\* *p* \< 0.001.](nanomaterials-09-01374-g005){#nanomaterials-09-01374-f005}

nanomaterials-09-01374-t001_Table 1

###### 

Comparison of the viability of MucilAir™ cells at different time points.

                    Day 1             Day 28       
  ----------------- ----------------- ------------ ------------
  **C neg**         88.0 ± 0.7        82.7 ± 3.1   
  **W-NPs**         **10 µg/cm^2^**   77.3 ± 6.7   78.8 ± 1.5
  **20 µg/cm^2^**   79.8 ± 0.5        77.4 ± 2.8   
  **50 µg/cm^2^**   85.9 ± 0.4        82.0 ± 0.6   
  **WC-Co**         **10 µg/cm^2^**   80.5 ± 0.9   81.1 ± 1.1
  **WO~4~^2−^**     **10 µg/cm^2^**   87.5 ± 0.9   80.2 ± 0.4

MucilAir™ cells viability was quantified by Trypan blue assay. Cells were trypsinized and collected at the end of the 24 h exposure (day 1) to W-NPs, WC-Co and WO~4~^2−^, and at day 28 post-exposure. No statistically significant differences from the C neg were observed by a one-way ANOVA followed by Dunnett's multiple comparisons test.

nanomaterials-09-01374-t002_Table 2

###### 

Viability evaluation of MucilAir™ via the analysis of the metabolic activity: Resazurin assay.

                    Day 0             Day 1          Day 7             Day 14           Day 21        Day 28        
  ----------------- ----------------- -------------- ----------------- ---------------- ------------- ------------- -------------
  **C neg**         100.0 ± 6.1%      100.0 ± 1.6    100.0 ± 4.5       100.0 ± 3.9      100.0 ± 4.4   100.0 ± 4.8   
  **W-NPs**         **10 µg/cm^2^**   106.9 ± 3.8%   97.7 ± 2.1        107.5 ± 5.2      106.2 ± 3.3   93.2 ± 4.1    107.7 ± 2.4
  **20 µg/cm^2^**   102.9 ± 4.8%      103.0 ± 1.8    112.5 ± 3.2       119.6 ± 5.4 \*   109.4 ± 4.6   108.1 ± 7.2   
  **50 µg/cm^2^**   102.8 ± 3.8%      102.7 ± 2.0    113.2 ± 3.0       110.1 ± 1.5      103.7 ± 3.2   118.8 ± 4.3   
  **WC-Co**         **10 µg/cm^2^**   99.6 ± 3.9     91.1 ± 1.8 \*\*   82.1 ± 2.7 \*    104.2 ± 5.3   102.4 ± 7.4   95.8 ± 8.4
  **WO~4~^2−^**     **10 µg/cm^2^**   102.4 ± 5.0    101.9 ± 1.4       114.7 ± 3.3      113.1 ± 5.4   102.9 ± 8.3   100.7 ± 6.5

The metabolic activity of MucilAir™ exposed to W-NPs, WC-Co and WO~4~^2^**^−^** was evaluated by resazurin assay. Analyses were performed before (day 0) and 24 h after exposure (day 1), and then at regular time points (day 7, 14, 21 and 28). Data are expressed as the % of cell viability (mean ± SEM) compared to the respective C neg (untreated control cells). Statistically significant differences from the C neg were determined by one-way ANOVA followed by Dunnett's multiple comparisons test: \* *p* \< 0.05, \*\* *p* \< 0.01.

nanomaterials-09-01374-t003_Table 3

###### 

Quantification of the release of the pro-inflammatory cytokine IL-8 in MucilAir™ basolateral compartments.

                    Day 1             Day 4              Day 7               Day 14          Day 21          Day 28       
  ----------------- ----------------- ------------------ ------------------- --------------- --------------- ------------ ------------
  **C neg**         1876 ± 380        2575 ± 87          3415 ± 179          5188 ± 292      4902 ± 258      5162 ± 80    
  **W-NPs**         **10 µg/cm^2^**   1454 ± 259         4615 ± 742 \*       5060 ± 593      6072 ± 247      5567 ± 852   5713 ± 504
  **20 µg/cm^2^**   2473 ± 401        5288 ± 464 \*\*    5261 ± 655 \*       6782 ± 213 \*   7023 ± 253 \*   5661 ± 296   
  **50 µg/cm^2^**   2668 ± 313        4681 ± 347 \*      5017 ± 406          4799 ± 626      4471 ± 155      5433 ± 341   
  **WC-Co**         **10 µg/cm^2^**   34112 ± 375 \*\*   6833 ± 265 \*\*\*   4673 ± 54       4660 ± 263      6237 ± 326   6016 ± 245
  **WO~4~^2−^**     **10 µg/cm^2^**   2215 ± 108         5098 ± 285 \*\*\*   4838 ± 343      5707 ± 202      5563 ± 325   5246 ± 315

The amount of IL-8 released by MucilAir™ was quantified in the basolateral compartment by ELISA. Samples of cell culture media were collected at fixed time points ranging from the end of the 24h exposure (day 1) to 28 days post-exposure. Results are expressed as pg/mL. The statistically significant differences from C neg were determined by a one-way ANOVA followed by Dunnett's multiple comparisons test: \* *p* \< 0.05, \*\* *p* \<0.01 and \*\*\* *p* \< 0.001.

[^1]: These authors contributed equally to this work.
